Within the framework of a high-twist approach, we show the first complete next-to-leading order calculation of transverse momentum broadening in semi-inclusive deeply inelastic e + A scattering and Drell-Yan dilepton production in p + A collisions. We demonstrate at one-loop level how QCD factorization holds for multiple scattering in nuclear medium, and the university of the associated quark-gluon correlation function. Our calculation also identifies QCD evolution equation for the quark-gluon correlation function, which determines the QCD factorization scale and energy dependence of jet transport parameterq.
Introduction
The major goal in jet quenching physics is to extract the information of the medium created in heavy ion collisions, which is characterized by the jet transport parameterq [1] . So far, almost all the efforts in extracting the properties of the medium are based on perturbative QCD calculations of multiple parton interaction in the medium. However, it is not clear whether the properties of the medium such as theq as probed by a propagating jet is unique and intrinsic to the medium, independent of the hard processes that produce the energetic jet. This is a problem of factorization of multiple scattering in QCD [2] and so far has eluded many theoretical efforts. This is largely due to the complexity of QCD dynamics for multiple scattering, which involves both initial-state and final-state interactions and medium evolution. In this talk, we show the first complete next-to-leading order (NLO) calculation of transverse momentum broadening in semi-inclusive deeply inelastic e+ A scattering (SIDIS) and Drell-Yan dilepton production (DY) in p+ A collisions [3] . In these two processes, we have either virtual photon prepared in initial state or observed in final state, therefore one can always concentrate on one particular multiple scattering effect (either initial-state or final-state) to simplify the evaluation [4, 5] , and make the analysis of QCD factorization for multiple scattering more clear.
NLO transverse momentum broadening and QCD factorization in SIDIS
Transverse momentum broadening, ∆ ℓ
hT e+p , has long been recognized as one of the excellent probes to the QCD dynamics of multiple scattering and the medium properties as characterized by the twist-4 multi-parton correlation functions [6] . In SIDIS, because the virtual photon in initial state does not have strong interaction with the nuclear medium, the transverse momentum broadening for the produced hadron comes from final-state multiple scattering only, and the dominant contribution is from the double scattering,
where the phase space dPS = dx B dydz h with x B , y, z h the standard SIDIS variables, and the superscript "D" indicates the double scattering contribution. As shown in the above equation, the transverse momentum broadening is closely related to the transverse momentum ℓ 2 hT -weighted differential cross section, which can be computed within a generalized factorization theorem at high-twist [7] . At leading order (LO), the contribution is given by Fig. 1(a) . The calculation is straightforward, and the final result is directly proportional to the quark-gluon correlation function T qg as defined in [3] ,
Thus the measurements of transverse momentum broadening will immediately give us the information on the twist-4 quark-gluon correlation function, and in turn the fundamental properties of the nuclear medium.
To establish a firm QCD factorization formalism for parton multiple scattering beyond LO, we will study the NLO corrections to the transverse momentum broadening. As shown in Fig. 1 , NLO contribution includes both real and virtual corrections, where the perturbative calculations of such diagrams involve divergences. We will identify these divergences and understand their physical meanings. For instance, in real diagrams as shown in Fig. 1 (c) , radiative corrections reveal two types of infrared divergences from on-shell gluons. One is the so-called collinear divergences, which happens when the final-state gluon is radiated collinear to the parent quark. The other one is the so-called soft divergence, which happens when the energy of the radiated gluon approaches zero. To isolate these divergences and thus regularize them, we will work in n = 4 − 2ǫ dimensions with dimensional regularization. For real corrections, we study both the partonic channels γ * + q → q + g and γ * + g → q +q, which involve quark-gluon and gluon-gluon scattering, respectively. The calculations are rather involved, and the final result can be expressed as follows,
wherex = x B /x,ẑ = z h /z, Pand P qg are the usual quark-to-quark and quark-to-gluon splitting kernels in the DGLAP evolution equations, and T gg is the gluon-gluon correlation function [3] . On the other hand, the virtual correction has the following expression,
As one can see clearly in Eqs. (3) and (4), both real and virtual corrections contain double pole (∝ 1/ǫ 2 ), which represents the overlap of collinear and soft divergences. However, such double poles are canceled between real and virtual contributions, as required by collinear factorization. Thus we are left with only single poles (∝ 1/ǫ), the collinear divergences. They represent the long distance physics, and should be a part of distribution or fragmentation functions [8] . It is obvious that the term associated with δ(1 −x) is just the collinear QCD correction to the LO 2 quark-to-hadron fragmentation function D h/q (z h ), which should be absorbed into the definition of the renormalized quark fragmentation function,
where we have adopted the MS scheme with 1/ǫ = 1/ǫ − γ E + ln(4π), and µ f is the factorization scale for the fragmentation function. The factorization scale µ f -dependence leads to the well-known DGLAP evolution equation for the fragmentation function D h/q (z h , µ 2 f ). At the same time, following the same procedure of collinear factorization, one should absorb the collinear divergence associated with δ(1 −ẑ) into the redefinition of the corresponding quark-gluon correlation function T qg (x B , 0, 0),
where P qg→qg ⊗ T qg is given by
Here we have chosen the same factorization scale µ f as that in the fragmentation function. In principle, they do not have to be the same. After the absorption of collinear divergences into the redefinition of nonperturbative functions, we have the QCD factorized form for the ℓ 2 hT -weighted cross section as:
where H NLO ⊗ T qg(gg) represent the finite NLO perturbative corrections to be presented in a future publication [12] . So far, our results verify the factorization of ℓ 2 hT -weighted differential cross section in SIDIS from multiple scattering at twist-4 in NLO. We have also verified the factorization for the transverse momentum weighted differential cross section of Drell-Yan lepton pair production in p+ A collisions at twist-4 in NLO. The perturbative result contains similar collinear divergences as that in SIDIS. Besides the single pole associated with the collinear correction to beam parton distribution function from projectile proton, the same collinear correction to twist-4 quark-gluon correlation function T qg is found which follows the same redefinition as in SIDIS in Eq. (6) . For the finite term, it is different from that in SIDIS, indicating process-dependent corrections to hard part coefficient functions. This confirms, for the first time, the collinear factorization for twist-4 observables at the NLO, and demonstrates the universality of the associated twist-4 correlation functions and in turn implies the properties of nuclear matter as probed by a propagating parton are independent of the hard processes that produce the fast partons.
QCD evolution ofq
The quark-gluon correlation function is non-perturbative which can not be calculated by pQCD. However, its perturbative change can be derived from pQCD. From Eq. (6), we obtain the evolution equation for T qg as,
We can further apply this equation to determine the QCD evolution of jet transport parameterq. If one assumes the nucleus is loosely bounded, one can neglect the correlation of nucleons inside the nucleus and relate T qg to the jet transport parameterq [9] :
In principle, with this relation in hand, one should be able to derive the QCD evolution ofq immediately. Unfortunately, the evolution equation in Eq. (9), as it stands, is not closed (as a general feature of high-twist distributions). However, one can obtain a closed evolution equation under certain kinematic limit. For example, in the limit of largex B (x B → 1, implying alsox → 1), the formation time for the radiated gluon, τ f = 2x z(1−x) q − Q 2 , becomes much larger than nuclear size (τ f ≫ R A ). Therefore, the interference between soft and hard rescatterings gives rise to destructive effect to the final contribution. This effect is the so-called Landau-Pomeranchuk-Migdal (LPM) [10] interference effect which suppresses gluon radiation with large formation time. In this particular kinematic region, the medium effect from gluon rescattering disappears. Mathematically, this is manifest as the fact that the splitting kernel P qg→qg ⊗ T qg reduces to the vacuum one P(x)T qg (x, 0, 0, µ 2 f ). In other words, Eq. (9) reduces exactly to the vacuum DGLAP evolution equation, from which we find a µ f -independentq. Such a behavior is very similar to that of the normal parton distribution function, where the scaling behavior is observed in the large-x B regime.
To go beyond this large-x B limit, and thus study the intermediate-x B regime, we can expand the off-diagonal matrix elements T qg in Eq. (9) around x = x B and pick up the leading contribution. In this ansatz, we can derive a non-trivial evolution equation forq. Such a evolution equation leads to not only the µ 2 f -dependence, but also x B -dependence of q. This dependence essentially tells us the violation of scaling behavior ofq, again similar to that of normal parton distribution function. The x B -dependence can be also translated to the energy dependence ofq, as x B = Q 2 /2ME in target rest frame. The energy dependence in the intermediate-x B region is consistent with early expectations [11] . The implication of such a evolution equation ofq will be published in a future publication [12] .
